Abstract. We describe progress and initial results achieved towards the goal of developing integrated multi-conductor arrays of shielded controlled-impedance flexible superconducting transmission lines with ultra-miniature cross sections and wide bandwidths (dc to >10 GHz) over meter-scale lengths. Intended primarily for use in future scaled-up quantum computing systems, such flexible thin-film niobium/polyimide ribbon cables could provide a physically compact and ultra-low thermal conductance alternative to the rapidly increasing number of discrete coaxial cables that are currently used by quantum computing experimentalists to transmit signals between the several low-temperature stages (from ∼4 K down to ∼20 mK) of a dilution refrigerator. We have concluded that these structures are technically feasible to fabricate, and so far they have exhibited acceptable thermo-mechanical reliability. S-parameter results are presented for individual 2-metal layer Nb microstrip structures having 50 Ω characteristic impedance; lengths ranging from 50 to 550 mm were successfully fabricated. Solderable pads at the end terminations allowed testing using conventional rf connectors. Weakly coupled open-circuit microstrip resonators provided a sensitive measure of the overall transmission line loss as a function of frequency, temperature, and power. Two common microelectronic-grade polyimide dielectrics, one conventional and the other photo-definable (PI-2611 and HD-4100, respectively) were compared. Our most striking result, not previously reported to our knowledge, was that the dielectric loss tangents of both polyimides, over frequencies from 1 to 20 GHz, are remarkably low at deep cryogenic temperatures, typically 100× smaller than corresponding room temperature values. This enables fairly longdistance (meter-scale) transmission of microwave signals without excessive attenuation, and also permits usefully high rf power levels to be transmitted without creating excessive dielectric heating. We observed loss tangents as low as 2.2×10
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Introduction
There is currently great interest in building quantum computers that could perform certain types of useful computations (e.g., quantum chemistry) faster and more costeffectively than any existing digital computer technology. The error rates of certain types of qubit technologies have now improved to the point that it seems that such a feat of engineering may become possible in the next decade, albeit very challenging and costly [1] . To be economically compelling, a quantum computer should probably contain the equivalent of at least several hundred sufficiently error-free qubits, or "logical qubits". Unfortunately, physically realizable qubits ("physical qubits") are prone to occasional errors due to relaxation and/or phase decoherence, quantum logic gate operations are not perfectly accurate, and the measurement of quantum states can return erroneous results as well as cause back-action on those states. Quantum error correction has recently been experimentally demonstrated to extend the lifetime of quantum information [2] [3] [4] [5] , but to achieve usefully long coherence times, the physical "overhead" (ratio of the number of physical qubits required to emulate a given number of logical qubits) is extraordinarily large: factors of thousands or even millions may well be needed, depending on one's assumptions about error rates [6] . Recent progress towards creating "topologically protected" solid-state qubits (e.g., based on Majorana zero modes) offers the hope that qubit error rates could be made exponentially small, producing a near-perfect "quantum memory" [7, 8] . Schemes have also been proposed by which certain quantum gate operations (the Clifford group) could also be implemented in a topologically protected manner (specifically, by "braiding" Majorana zero modes, which are predicted to behave as non-Abelian anyons) [9] . However, the Clifford gates are insufficient by themselves to realize a universal quantum computer, and therefore, some substantial level of physical overhead for quantum error correction (e.g., to perform "state distillation") would still be required [10] .
It seems, therefore, that even in the most optimistic scenario wherein extremely low physical error rates are achieved, a useful quantum computer will require many thousands of physical qubits, and less optimistic scenarios will require millions. This is now well understood by qubit device researchers, and there have been a number of recent proposals as to how one might architect systems that are scalable to large numbers of qubits [11, 12] . Most of these proposals deal with how qubits could be integrated and interconnected in 2-dimensional arrays, using compact wafer-like configurations. There has been limited attention given to the physical problem of how to transmit a large number of control signals to those qubits in order to drive simultaneous gate operations, and how to receive a large number of simultaneous measurement signals from the qubit array, particularly when these signals need to span a large temperature difference (e.g., different stages of a dilution refrigerator). Our work is intended to address this specific interconnection problem.
With the exception of optically excited qubits that can operate at room temperature, most scalable solid-state qubit technologies (e.g., superconducting qubits, spin qubits) are principally controlled by precisely shaped microwave pulses; these frequencies are most commonly in the 5 to 15 GHz range. These pulses may be used to drive transitions between two states of a qubit (e.g., between the primary |0 and |1 states), to create "cross-resonance" conditions [13] , or to induce sideband transitions [14] . Microwaves are also commonly used to measure the state of a resonatorcoupled qubit (i.e., "dispersive readout") [15] . Furthermore, microwaves are also used as pump tones for low-noise superconducting parametric amplifiers in conjunction with qubit readout [16] .
The use of 5 to 15 GHz control signals necessarily implies that the qubits be cooled to temperatures in the 10s of mK to avoid thermal population of the |1 state; the qubits also need to be well-shielded from higher-temperature blackbody radiation, which could act as electromagnetic interference or sources of nonequilibrium quasiparticles [17] [18] [19] . Frequencies much above 15 GHz are seldom used because of the difficulty of suppressing parasitic modes, as well as the dramatically higher cost of components and equipment. In addition to the microwave signals, most qubit technologies also have need for relatively slow-changing or even dc signals (typically currents for superconducting qubits; voltages for semiconductor-based qubits), as well as fast (ns-scale) non-sinusoidal pulses for other control operations such as activating tunable couplers to create precise 2-qubit interactions [20] .
The limited cooling capacities of dilution refrigerators (generally ≪ 1mW at the 20-30 mK temperatures of interest) and the need to prevent contamination of qubits by any type of non-equilibrium excitations seem to require that the majority of control signals in a quantum computer be generated in a higher-temperature environment, where much greater cooling capacity is available and dissipative circuits will not disrupt nearby qubits. Such signals are then transmitted via shielded impedance-controlled GHzcapable transmission lines to the qubit environment. Depending on the architecture, the number of required transmission lines may someday number into the millions. The use of this many high-performance discrete coaxial cables would seem to be impractical, considering their collective physical size, thermal leakage, and cost. Various multiplexing schemes are being pursued [21, 22] , which could reduce the number of required lines by ∼10×, but the numbers would still be daunting.
The 4 K temperature stage that exists in the upper portion of typical dilution refrigerators provides a particularly attractive location for a layer of control electronics (including basic quantum error correction functions) [23, 24] .
Heat dissipation capabilities of multiple Watts are currently available from pulse-tube systems, and it is easy to imagine how the cooling capacity could be further increased using an externally supplied flow cryostat. Large numbers of ultralow-power superconducting electronics can coexist with moderate quantities of semiconductor circuits at 4 K. One can imagine that sufficient electronics could exist at the 4 K stage so that the bandwidth needed to connect to the room-temperature environment is greatly reduced. In this case, the main interconnection problem becomes the links from 4 K down to 20 mK.
We believe that thin-film flexible superconducting transmission lines, fabricated by adapting techniques from the microelectronics industry, can help address this interconnection challenge. Owing to their very low rf surface impedance, superconducting conductors can be scaled to quite small dimensions. Excellent microwave signal propagation can be achieved with conductor cross sections that are orders of magnitude smaller than commercially available coaxial cables. In principle, as illustrated in figure 1 , one could construct many parallel thin-film transmission lines within a single ribbon cable, with superconducting shield walls (or at least multiple closely spaced vias between upper and lower ground planes) surrounding each signal conductor to form rectangular coax cables having negligible crosstalk (an important consideration in many qubit experiments). Typical dimensions of the conductors can be 20 µm wide and ∼ 250 nm thick on a pitch as fine as 50 µm, which would yield a very high interconnect density (up to 200 signals in a 10 mm wide cable), excellent mechanical flexibility, and very low axial heat leakage when in the superconducting state. Total dielectric (e.g., polyimide) thickness could be 50 µm or less. Nb (T c ∼ 9.2 K) would be an acceptable superconductor for many applications, although alternative materials could be used if needed for high-magnetic field environments. Either conventional singleended or differential pairs could be fabricated. Owing to its small cross sectional area, the axial heat leakage along such a ribbon cable would be orders of magnitude less than for an equivalent number of discrete commercially available coaxial cables. The cable terminations could be bonded to a chip using a solder (Pb or In), either in a closely spaced linear array for contact near the edge of a chip, or in a less densely spaced 2-dimensional array, which would mate to the face of a chip or to a connector.
In this work we have fabricated and characterized somewhat simpler structures than proposed in figure 1, specifically individual microstrip transmission lines, as a stepping stone towards our ultimate goal. Figure 2a is a photograph of one such assembled flexible cable, which is a functional superconducting Nb microwave transmission line built on a thin-film polyimide dielectric. The performance of these cables, as described herein, gives us confidence that more sophisticated highly parallel cables are indeed feasible. This paper is organized as follows. In section 2 we describe prior work and estimate thermal performance of the superconducting thin-film cables. Section 3 presents concepts and details for the design of the microstrip test structures. In section 4, we describe relevant fabrication and measurement details. Section 5 covers results for transmission lines, resonators, non-idealities and dielectric loss. Finally, conclusions and closing comments are presented in section 6.
Relationship to prior work and thermal projections
A number of researchers have reported making low-frequency (dc to low MHz) superconducting thin film flexible cables [25] [26] [27] [28] [29] [30] , but none have presented microwave Figure 1 : Conceptual cross-sectional diagram of a future 'rectangular coax' ribbon cable that could be used to communicate between different temperature stages of a dilution refrigerator. The structures reported in this paper are much simpler, but the experimental results provide confidence that much more complex cables, such as illustrated here, could be fabricated and be usable in quantum computing experiments.
(GHz range) performance data. Manufacturer's data sheets for thin-film polyimides generally only provide low-frequency (kHz or MHz) room-temperature loss tangent (tanδ) data, which is not useful for our purposes. Some cryogenic loss measurements have been reported for polyimide, but again only at very low frequencies [31] [32] [33] . Ponchak and Downey [34] have measured room-temperature microwave properties of thin-film copper/polyimide microstrip lines on silicon substrates over the 1-110 GHz frequency range and reported an average tanδ of 0.006 for PI-2611. Harris et al. [35] measured copper microstrip lines on free-standing Kapton polyimide and reported a room-temperature tanδ of 0.013 at 13 GHz, which fell to 0.007 when cooled to 77 K. We will demonstrate in this work that, remarkably, polyimide microwave dielectric losses are reduced by roughly two orders of magnitude when cooled to deep cryogenic temperatures (4 K and below).
Using thin-film geometries similar to those in our work, van Weers et al. [29] have measured the axial thermal conductivity of a released layer of thin-film PI-2611 to be 1.6×10 −3 T 1.17 W/m·K over the temperature range 150 mK to 10 K. In the absence of convective or radiative heat transfer, it can be shown by integrating the one-dimensional Fourier law that whenever a cable's axial thermal conductivity has that type of power-law dependence on absolute temperature, i.e., of the form k = aT n , then the steady-state heatQ conducting along a cable of uniform cross-sectional area A and length L having a "hot" end at temperature T hot and a "cold" end at T cold will bė
, where k hot and k cold are the thermal conductivities at the hot and cold ends. When T hot /T cold ≫ 1, as is the case in our contemplated applications, this simplifies toQ = k hot T hot A/[(n + 1)L]. We can thus predict that the heat conduction of a 10 mm wide, 20 µm-thick polyimide ribbon spanning a 150 mm distance from the 4K stage of a dilution refrigerator to the next lower stage would be only 20 nW, which is insignificant. Cables with a "hot" end at a lower temperature stage would be even less conductive, e.g. only 0.6 nW of heat leakage from 800 mK to lower temperatures.
In contrast to the flex cables in [29] , where the thermal conductivity of their Nb traces were deemed negligible based on a 2000:1 polyimide/Nb area ratio, we use ground planes in our devices, for shielding and precise impedance control at microwave frequencies. Our polyimide/Nb ratio for microstrip is in the range between 40:1 and 80:1 depending on the signal density, and so we cannot neglect the Nb; in fact it may be the dominant contributor to axial heat leakage. The reported thermal conductivity of Nb with an RRR of 40 from T = 4 K down to T = 1.5 K ranged from 9 to 3 W/m·K, respectively [36] . Lower-temperature measurements of bulk Nb with RRR = 26 have shown that the thermal conductivity drops monotonically starting from ∼ 2 W/m·K at 0.7 K, and diminishing to ∼ 0.002 W/m·K at 40 mK, following fairly close to the theoretical T 3 dependence (a T 2.4 dependence looks like a best fit) [37] ; k N b ∼ 0.028 W/m·K at 120 mK using this fit. In contrast to these bulk samples, our Nb thin films have an RRR of ∼ 3, so we might expect both electronic and phononic contributions to thermal conductivity to be reduced by an order of magnitude, but to be very conservative we will assume the bulk values here. The heat leaks of greatest concern in a dilution refrigerator are normally those loading the lowest temperature stage (mixing chamber), where one wants to maintain T ∼ 20 mK. The next temperature stage would often be at approximately 120 mK, and so we can assume that cabling is thermally tied at that stage. Using the same calculation method as for the polyimide case above, but with the n = 2.4 power law, we estimate that the ground plane of a 10 mm wide, 150 mm long microstrip cable would conduct only 16 pW of heat; again, this is quite negligible, particularly since such a cable could contain as many as 100 parallel transmission lines.
Design of microstrip transmission line structures on thin film polyimide
The structures fabricated and tested in this work are microstrip transmission line elements on thin-film dielectrics that were spin-deposited onto Si substrate wafers and later released to produce free-standing flexible films. Both PI-2611 and HD-4100 polyimides from HD MicroSystems were characterized in this work. In our experience, superconductors deposited on these thin-film dielectrics exhibited higher quality than when we use commercially supplied free-standing Kapton films, because the surface quality is smoother and has fewer defects [38] . PI-2611, while not photodefineable, is expansion-matched to silicon, exhibits excellent insulation characteristics and high material flexibility, and is widely used as a microwave device packaging and substrate material [39] . Photodefineable HD-4100 is also widely used in device packaging since it can be directly patterned using photolithography. Our initial resonator designs were based on the dielectric properties listed on the manufacturer's data sheets, which report PI-2611 to have a relative dielectric constant (ε r ) = 2.9 at 1 kHz at room temperature [40] ; HD-4100 is reported to have ε r = 3.36 at 1 MHz [41] . In order to better determine ε r at temperatures and frequencies of interest and avoid confounding effects due to superconductor kinetic inductance, which can cause a shift in resonant frequency as the temperature changes, Cu/polyimide resonators were fabricated and their S-parameters were measured at 6.5 K. We used Keysight Advanced Design System (ADS 2015) for simulation of the resonator microwave response and fit the measured data by adjusting the dielectric constant in the simulation. The results indicate the dielectric constant is quite constant over a frequency range from 1 to 10 GHz, and was determined to be ε r = 3.2. HD-4100 was assumed to have a similar value for ε r and this was later confirmed by superconducting resonator measurements. Based on our fit results, we designed a series of microstrip transmission lines and half-wavelength, series microstrip transmission line resonators using 250 nm thick Nb on 20 µm thick PI-2611 or HD-4100 films. A linewidth of 47.4 µm was used to provide a nominal 50 Ω characteristic impedance. In order to make reliable microwave connections, we used a 120 µm (W s ) × 1200 µm solder pad as shown in figure 3 , which was designed to mate to Southwest Microwave edge launch SMA connectors. The transmission line lengths ranged from 50 mm (straight) to 550 mm (meandered). For the resonators, the solder pads were connected to 47.4 µm (W rN b ) × 100 µm (L f N b ) traces as feeding structures at both ends of the resonator. The resonator line length was 46.1 mm, corresponding to a fundamental resonance frequency (f 0 ) of approximately 2 GHz. The resonator coupling structure is shown in figure 3 . The gap between the coupling lines is fixed at 20 µm (W CN b ) and the coupling strength is determined by choosing the overlap length L CN b . We simulated and fabricated resonators with different coupling strengths (L CN b = 300, 400, 500 µm). We note that L CN b = 300 µm was the weakest coupling in the present designs (an effective series coupling capacitance of 2.76 fF at each end), which turned out to be the preferred choice in view of the unexpectedly low losses of our resonators. 
Fabrication and measurement details
Si wafers were used as handle wafers and temporary support substrates for fabrication of the thin-film transmission lines and resonators. To start, a Cr/Al layer was deposited onto the Si wafers for use as a release layer later in the fabrication flow. Polyimide (PI-2611 or HD-4100 from HD MicroSystems) was deposited by spin-coating to an approximate thickness of 10 µm. The films were then cured, using standard curing profiles, in a nitrogen ambient oven at 350
• C. A second polyimide layer of the same type was then deposited and cured on top of the first layer to achieve a total dielectric thickness of 20 µm. The resonator traces were defined through a standard photolithographic lift-off process. In our initial samples, we first sputter-deposited a 10 nm thick Ti layer to promote adhesion and potentially improve the Nb film quality, as this had been necessary in earlier work on Kapton films [38] ; we later found this extra Ti layer to be unnecessary when depositing Nb onto thin-film polyimides, and so it was omitted in later samples. Instead, prior to the Nb deposition, a brief Ti getterpumping step was performed, in which the wafers were stationary behind a shield, while Ti was evaporated into the chamber at a rate of 2Å/s for 250 s. After this gettering process, wafers were then rotated at 22 RPM while 250 nm of Nb was sputter-deposited (1 kW dc, 30 minutes, 6.1 mTorr of Ar). Vacuum base pressures of ∼ 3 × 10 −7 were attained prior to depositing the Nb, which gave fairly repeatable properties. In order to improve the adhesion between the Nb and the polyimide, an in-situ ion milling process was performed for 120 s on the surface of the polyimide before the sputtering process. Si wafer pieces with a SiO 2 surface were included in the same Nb deposition runs and used as witness samples for characterization of the sheet resistance and superconducting critical transition temperature (T c ) of the deposited Nb. Typical sheet resistances of our 250 nm thick Nb films ranged from 1 Ω/square to 2.1 Ω/square at room temperature. Typical T c values for the Nb layers used in this work ranged from 8.7 to 9.1 K, with an RRR (R 280K /R 10K ) between 2.5 and 3.5.
After the Nb deposition, a lift-off process was performed to complete the definition of the signal traces. The samples were then patterned for solder contact pad areas (i.e., under bump metallization, UBM). We used electron beam physical vapor deposition to deposit Ti (50 nm), then Cu (500 nm), onto the samples. The samples were then protected with photoresist and released in a NaCl solution by anodic dissolution [42] . A released and cleaned structure is shown in figure 2b . After removing the protective photoresist, we mounted the free-standing film onto another Si support wafer with the non-metallized back side of the film exposed. The sample was then loaded into the deposition system for back-side Nb metallization, with the same thickness as the signal layer. A schematic cross-section of the transmission line structure is shown in figure 2c .
In order to facilitate suitable microwave connections to the flexible transmission lines and resonators, we used edge launch SMA connectors. Due to the small dimensions of the signal solder pad, we used Southwest Microwave connectors with the smallest available pin size (0.005 ′′ , i.e. 127 µm). In order to achieve reliable connections for use at cryogenic temperatures, we soldered the signal pin from the SMA connector to the solder pad on the flex using high purity In solder. Additionally, we prevented the hefty SMA connectors from straining and damaging the thin flexible structures by mounting the connectors and the sample onto a support board, as shown in figure 2a.
Measurements above ∼ 1 K were carried out in either a LHe dewar (4.2 K), or a Cryo Industries of America pulse-tube based cryostat with stainless steel cryogenic rf coaxial cables. The pulse-tube cryostat with the rf cables stabilizes at approximately 3 K, and can temporarily cool to ∼ 1 K by pumping on the sample space that has been back-filled with He. Thermometry was performed at the sample holder near the top of the sample. The sample was primarily thermalized through the He exchange gas. A performance network analyzer (Keysight N5227A PNA) was used for measurement of the scattering parameters.
The milliKelvin measurements were performed in a 3He/4He dilution refrigerator (Leiden Cryogenics CF450) with base temperature of 20 mK. High frequency coax lines were attenuated at each temperature stage to reduce noise and to thermalize the inner conductors. The Southwest Microwave SMA connectors at each end of the flex cable were thermalized to the mixing chamber via SMA feedthroughs (for the grounds) and cryogenic attenuators (for the center conductors). Transmission measurements were performed using a vector network analyzer (Keysight N5245A), with room temperature amplification (Low Noise Factory LNF-LNR1 15A) and cryogenic amplification on some samples (Caltech CITLF). Measurement results in the following sections are corrected for system attenuation / amplification, unless otherwise indicated.
In all our measurement set-ups, no intentional magnetic shielding was used, so it is quite possible that flux vortices threading the Nb thin films reduced our resonator Q values below what would be observed in an ideal field-free environment [43] .
Results and discussion
In this section, we describe and discuss results for superconducting microstrip transmission lines and resonators fabricated on thin-film polyimide. These structures are all free-standing films, supported only at the ends by the edge-launch connectors. We also discuss non-ideal low power and high power effects, as well as extraction of upper bounds on tanδ for the polyimide at various temperatures.
Performance of superconducting thin-film polyimide transmission lines
S-parameters were measured for superconducting Nb transmission lines at frequencies up to approximately 14 GHz and at an incident microwave power of -20 dbm, while immersed in LHe (4.2 K). SOLR calibration was used, requiring several immersion cycles [44] . Representative S 21 results for a 50-mm long line are shown in figure 4a. The observed oscillations are due to alternating constructive and destructive interference from impedance discontinuities at the two ends of the near-lossless transmission line. Specifically, the connector pin attachment points required a wide soldering pad (see figure 3 ) and additional solder, resulting in parasitic capacitance to ground. To confirm this explanation, Keysight ADS was used to simulate the response of the transmission lines. We used dielectric loss tangent values derived from measurements of superconducting resonators (described below) fabricated on the same substrate as the transmission lines. Excellent matching of simulation to measurement was obtained and is shown as simulation results 'with pads'. The variables in these simulations were the kinetic inductance of the superconductor and the two values of the extra capacitance (one at each end of the line, and not necessarily symmetric due to variability in solder quantity). These capacitive pads and accompanying extra solder, which result from the current method of making contact to the structure, are expected to be eliminated with a more refined connection method, such as flip-chip attachment. Therefore, we also performed simulations without these capacitive instances and show these results as simulation 'without pads' in figure 4a; these simulation results closely coincide with the constructively interfering peaks (top envelope) of the S 21 response, as expected. These results demonstrate that, with ideal signal launchers, insertion losses less than approximately 0.1 dB up to at least 14 GHz can be achieved for a 50-mm long superconducting microstrip transmission line constructed from Nb on flexible polyimide substrates.
We also fabricated and tested a 5× longer transmission line (in the form of a 250 mm serpentine). S 21 for this transmission line is shown in figure 4b , along with a simulation that includes the extra capacitance. Excellent matching between measurement and simulation up to 12 GHz is evident for this structure, as well; the discrepancies above 12 GHz are believed to be imperfections in the calibration procedure. These results show the feasibility of fabricating functional, low-loss flexible superconducting transmission lines with lengths sufficient to span adjacent temperature stages in a typical dilution refrigerator.
The dc critical current (I c ) of a representative microstrip signal conductor was measured as 11 mA at 4.2 K. Although this is well below the critical current density of high-quality Nb films, we have evidence that the reduced I c is at least partly due to various defects in the Nb film, so we can presumably increase I c in the future by making process improvements, if it becomes necessary. I c =11 mA would seem to imply that the transmitted rf power is limited to ∼5 dBm, however in the GHz band we were able to transmit at least 10 dBm with negligible loss, although a small amount of nonlinearity in the form of a 3
rd harmonic began to appear as the incident power was increased above 0 dBm. and tested using -20 dBm incident power; results at higher powers were identical up to 0 dBm, beyond which 3 rd -order nonlinearities started to become discernible in the power spectrum.
Performance of superconducting thin-film polyimide resonators
Due to the low loss of superconducting transmission lines of manageable lengths, detailed characterization of the loss mechanisms is challenging. Instead, we measured the quality factors ("Q") of structurally similar resonators, which provide a sensitive probe of the combined dielectric and superconductor losses [45] . For each of the fabricated resonators, S 21 and S 12 were measured up to 20 GHz at various temperatures (4.2 K, 3.6 K, 3 K, ∼ 1 K and 20 mK). Care was taken to obtain sufficient measurement points in a narrow frequency range around each resonance in order to achieve a reasonable fit to a Lorentzian line shape, which was characteristic of the resonances in these structures and allowed extraction of the loaded Q-factor. Figure 5 shows a Nb/HD-4100 resonator with loaded Q > 17 000 at 1.2 K and Q > 42 800 at 20 mK. In each of these measurements, the resonance is for a signal power level that provides the highest Q. Power levels significantly below this value resulted in lower Q values at 20 mK but not at 1 K or above, while much higher power levels caused various nonlinear effects and distortions of the resonance peak at any temperature. Further details of these effects are described later in this paper. Data has been plotted normalized to center frequency at each temperature. Center frequency, 3dB bandwidth, and resultant loaded Q-factor are also provided for each temperature.
In figure 6 , we show the impact of sample temperature on the Q-factor and center frequency f 0 of the fundamental resonance. Reduction of the sample temperature causes a shift in the center frequency towards a higher frequency and an increase in the Q- factor. The center frequency shifts can be explained by a reduction of the superconductor kinetic inductance with decrease in sample temperature. Furthermore, as the sample is cooled further below the T c , there is a reduction of quasiparticles (un-paired electrons), as expected from BCS theory, which leads to a reduction in attenuation from surface resistance, as well as further reduction in dielectric loss tangent, both of which increase the Q-factor. We note that in figure 6 , the 3.6 K data and 3 K data are quite similar. A possible explanation for this is the existence of an interfacial region between the dielectric and Nb superconductor that has different superconducting properties, such as T c . Another possibility is that the overlap results from a limitation of the temperature stability of the cryogenic system used for these measurements at temperatures that are not inherently stable in this system. We estimate that the temperature stability of the pulse-tube based cryostat is within 0.5 K at temperatures below 4.2 K. In order to determine the temperature below which superconductor loss becomes negligible, we generated 1/Q versus frequency plots, as shown in figure 7a . In order to consider measurement error and system temperature drift, each of the measured Q-factors is the average of ten individual measurement results (for the same sample cool-down) with a 3σ error bar. Based on superconducting transmission line resonator theory, a 1/Q versus resonant frequency plot should yield a straight line, with a slope proportional to the magnitude of quasiparticle-induced losses ("BCS losses"). BCS losses actually increase as the square of frequency, but since the Q of a resonator varies inversely with the wavelength, this nets a linear dependence between 1/Q and frequency, which is what we generally observe. (We note that the 2 nd harmonic (∼4 GHz) response is sometimes an outlier, showing higher loss than the trend line. This effect has been intermittently observed on some samples, and may be caused by surface contamination of the exposed Nb signal trace, and/or by unintended resonant interactions with the sample chamber. These anomalies are being investigated further.) The BCS losses should fall exponentially as T /T c is reduced; this is consistent with figure 7a, which shows a substantial reduction in slope as temperature reduces from 4.2 K to 3 K. The ∼1 K data shows a slope of nearly zero; at this temperature, the Nb has minimal BCS loss and the Q-factor is presumed to be almost entirely due to dielectric losses, although we cannot rule out the possibility of other residual losses that might be associated with the superconductor, with various interfaces, or with unintended electromagnetic interactions with the environment.
Assuming that the lowest-temperature (1.2 K and 20 mK) Q values are indeed primarily due to polyimide loss, the near-zero slopes in 7a are indicative of a nearconstant loss tangent value across the 2-12 GHz frequency range. This was not unexpected, since ǫ r was almost constant at 3.2 across this frequency range (as evidenced by the resonator harmonics occurring at almost exact integer multiples of f o ). Significant changes in loss tangent vs. frequency over a large frequency range normally coincide with noticeable variations in ǫ r , a consequence of causality (i.e., the Kramers-Kronig relations).
Extrapolating the linear fits in figure 7a to zero frequency provides an estimate of actual dielectric loss by removing the BCS loss contribution (provided that the loss tangent is in fact nearly frequency independent). It is evident that this intercept point falls with decreasing temperature, suggesting that the loss tangent is continuing to fall even at these extremely low temperatures. To provide additional insight into the temperature dependence of the dielectric loss of the polyimide, figure 7b plots 1/Q for the fundamental frequency as a function of temperature for each type of resonator. This data suggests an approximately linear relationship between dielectric loss and absolute temperature, although again we cannot rule out the possibility that the Nb superconductors are also contributing some residual loss, even though the basic BCS theory predicts negligible losses at and below 1.2 K for Nb.
Impact of signal power on Q-factor
Q-factors of these resonators are power dependent, as shown in figures 8 and 9. These effects differ significantly depending on the temperature regime. Figure 8 illustrates typical behavior at 3 K. As the incident power is increased above -25 dBm, the resonant frequency trends lower, the Q decreases, and the resonance exhibits nonlinearity. This can be explained by the current concentration at the edges of the Nb signal trace, which causes locally increased kinetic inductance and ultimately loss of superconductivity. For the data in figure 7 , we used drive power levels just below the onset of this non-linearity. Figure 9 illustrates representative behavior observed at 20 mK for our resonators. Again, high powers induce nonlinear behavior that reduces Q, although the shapes of the resonances suggest that different loss mechanisms are operative at these low temperatures. For example figure 9b shows a flat-top profile that may indicate switching of a weak link within the resonator when the local rf current exceeds a critical value. (We observed that after driving the resonator normal with high-power rf and then removing the high power, the resonator would return to its high-Q value after about 5 seconds, indicating that the thermal anchoring was effective.) Figure 9c suggests a Kerr nonlinearity associated with partially saturated two level states [46] . We also observe a new effect in figure 9 that was not observed at higher temperatures, which is a reduction in Q at very low power levels; this reduction levels off at sufficiently low power. This behavior is likely due to unsaturated two level systems in the polyimide and/or surface oxides on the Nb, which also occur in amorphous dielectric materials such as SiO 2 in this milliKelvin temperature regime [47] [48] [49] [50] [51] .
To compare the different materials tested in this work, we plotted the high power and low power Q values at each harmonic to get an idea of the frequency-dependence of the loss tangent. In figure 10a we plot the asymptotic low-power Q values, and in figure  10b we plot the moderate-power Q values, i.e., just below the onset of nonlinearity. We note that above 10 GHz, the incident power was limited by cabling losses and attenuators in the dilution refrigerator, so we were still partially in the low-power regime, which artificially depresses those Q values.
Dielectric loss tangent extraction
To allow more precise modeling and performance predictions for the flexible superconducting transmission lines, knowledge of the dielectric tanδ for the various polyimide materials is needed. As shown previously, we extracted Q-factors at multiple resonant frequencies and multiple temperatures. The extracted Q is the loaded quality factor (Q l ) and can be described by:
where Q c , Q d , Q r and Q coup are the Q-factors associated with conductor loss, dielectric loss, radiation loss and coupling loss, respectively [52] . Radiation losses are assumed to be negligible for these resonators. Given the previously presented 1/Q results (see figure  7a) , we assume that the conductor (BCS-related) losses are negligible at temperatures below ∼ 1.2 K. Furthermore, ADS simulation results for resonators with no conductor loss and tanδ = 0 provide values for the coupling loss at each resonant frequency. These values are provided in table 1. With this in mind, we mathematically correct for the coupling loss to get Q d according to:
From Q d , we can determine tanδ from:
where q is the dielectric filling factor, which is not unity since this is a non-embedded microstrip structure. From ADS simulation results, with ε r = 3.2 and for the case of the microstrip transmission line stack-up used in this work, we find q = 0.703. Based on 3, we determine the tanδ of these two types of polyimide films at various frequencies and temperatures. The loaded Q-factor and corresponding tanδ (corrected for coupling loss) at ∼ 1.2 K (for both types of polyimide) and 20 mK (for HD-4100), are shown in table 1. We emphasize again that the existence of other parasitic losses (i.e., not associated with the polyimide dielectric) cannot be ruled out, and so these calculated loss tangents should be viewed as worst-case upper bounds for the actual dielectric loss tangent. 
Conclusion and future work
Flexible superconducting transmission line cables, with small physical and thermal cross sections, can be an enabling technology for future computing technologies, such as quantum computing. Our results so far give us confidence that more sophisticated structures can be built. Future work is planned to characterize crosstalk and create embedded and more highly shielded structures. Crosstalk between parallel microstrip conductors follows an inverse square law and so can be made arbitrarily small by spacing the conductors sufficiently far apart, but stripline allows much closer spacing for the same amount of crosstalk. Shield vias, as illustrated in fig. 1 , will reduce crosstalk even further and allow maximally dense conductor spacing. The principal challenge to making stripline is the degradation in the superconducting properties (reduced T c and I c ) of the Nb films caused by subsequent high-temperature curing of polyimide. We have recently found that reducing the polyimide curing temperature substantially alleviates this problem, and so are quite optimistic about the prospects for building more highly Table 1 : Measured loaded Q-factor and calculated dielectric loss tangent tanδ at multiple frequencies at ∼1.2 K for PI-2611, and at both 1.2 K and 20 mK for HD-4100. The tanδ calculation corrected for the coupling Q and the non-unity dielectric filling factor of the microstrip. We assume no other loss mechanisms at these low temperatures, and so the actual loss tangents may be smaller than shown.
Loaded Q-factor (tanδ) ∼ f 0 (GHz) Q coup PI-2611 @ 1.2 K HD-4100 @ 1.2 K HD-4100 @ 20 mK shielded cables. Using a spiral pattern on 100-mm diameter wafers, we have built 2-mm wide cables which were fully 1 meter long after being released. The use of 300-mm wafers would offer more options for wider and longer cables. In the long run, we suggest that these sorts of cables could be most economically fabricated using large glass panel substrates, such as are commonly used to manufacture LCD displays.
Connectors could be integrated or flip-chip attached to the ends of the cables. Similarly, attenuators and thermalization structures could be incorporated in various ways, either as integral thin-film patterns or as discrete chips that are flip-chip bonded to the cables. A large number of transmission lines could be integrated within a single relatively narrow ribbon, with outstanding phase matching owing to the integrated construction.
In addition to our flexible cable applications, the extremely low loss exhibited by polyimide thin films at deep cryogenic temperatures suggests that polyimides may also be viable dielectrics for signal distribution on rigid substrates, e.g., for fabricating quantum integrated circuits.
